Using resonance fluorescence, we investigate how acoustic phonons mediate couplings between multiple electronic levels in a semiconductor quantum dot. We show the first direct evidence of population up-conversion in a single quantum dot, which we attribute to absorption of single acoustic phonons. Moreover, through a rate equation analysis, we find that below 20 K such single-phonon mediated couplings between the exciton ground state and the first excited state are primarily responsible for decoherence of the exciton quantum state. DOI: 10.1103/PhysRevLett.102.097402 PACS numbers: 78.67.Hc, 42.50.Pq, 78.47.Àp, 78.55.Àm Semiconductor quantum dots (QDs) tightly confine electron-hole pairs, called excitons, resulting in an atomlike electronic structure with discrete energy levels. But since a QD is an artificial atom in the solid state, lattice vibrations, in the form of phonons, play a large role not found in isolated atoms. Relaxation of high energy excitons via phonon emission is ubiquitous in above-band and quasiresonant excitation [1] . Additional consequences of exciton-lattice interactions in QDs are reduced dephasing times [2, 3] and phonon emission sidebands [4] .
Using resonance fluorescence, we investigate how acoustic phonons mediate couplings between multiple electronic levels in a semiconductor quantum dot. We show the first direct evidence of population up-conversion in a single quantum dot, which we attribute to absorption of single acoustic phonons. Moreover, through a rate equation analysis, we find that below 20 K such single-phonon mediated couplings between the exciton ground state and the first excited state are primarily responsible for decoherence of the exciton quantum state. Semiconductor quantum dots (QDs) tightly confine electron-hole pairs, called excitons, resulting in an atomlike electronic structure with discrete energy levels. But since a QD is an artificial atom in the solid state, lattice vibrations, in the form of phonons, play a large role not found in isolated atoms. Relaxation of high energy excitons via phonon emission is ubiquitous in above-band and quasiresonant excitation [1] . Additional consequences of exciton-lattice interactions in QDs are reduced dephasing times [2, 3] and phonon emission sidebands [4] .
Contrary to the norm, there have been some observations of photoluminescence (PL) at higher energy than the excitation laser, a process called up-conversion. Colloidal QD ensembles will emit when excited with light below the emission energy [5] [6] [7] [8] [9] , which is attributed to surface electron states and hole phonon absorption [5] . Selfassembled QD ensembles have exhibited up-conversion to the wetting layer, which is attributed to phonon activation to a tail of wetting-layer states near the QD energies [10] [11] [12] [13] . The up-conversion explored here, however, is of a form not previously observed: up-conversion of population from the excitonic ground state to an excited state. It has been speculated that a significant portion of temperature dependent ground state dephasing is due to phononactivated up-conversion to an excited state, and this is consistent with past dephasing measurements [2, 3] . Although the success of this description implies that upconversion to excited states occurs, there has been no direct proof.
Here we show the first direct detection of excited state fluorescence when the ground state is resonantly excited, confirming the presence of actual population upconversion. The excitonic ground state of a single QD is resonantly excited with a background-free technique utilizing the waveguide mode of a planar distributed Bragg reflector (DBR) microcavity [14] . This excitation scheme allows detection of emission at the same wavelength as the laser. For dots with excited states only a few meV away from the ground state, up-conversion can be clearly observed and increases with temperature. We show via the up-conversion temperature dependence that it is caused by absorption of a single acoustic phonon by the ground state exciton.
A schematic of the background-free resonant excitation method is pictured in Fig. 1(a) . Three layers of In 0:35 Ga 0:65 As self-assembled QDs are grown in a 5 planar DBR microcavity, with 11 and 17.5 periods in the top and bottom DBRs, respectively [15] . An optical fiber mounted on a three-axis inertial walker is aligned to the cleaved edge of the microcavity sample. The laser light couples into the waveguide mode of the cavity where it excites the QDs. The parallel DBR mirrors form a FabryPérot cavity whose vertical transmission mode is chosen during growth (via the mirror separation) to overlap the QD emission. The multiple QD layers increase the likelihood of overlap with an antinode of the vertical mode. QDs resonant with this vertical mode of the cavity will preferentially emit vertically, where the light is collected by a microscope objective and sent to an imaging spectrometer. Because the laser light is contained by total internal reflection between the DBRs, the laser scattering is greatly suppressed. The suppression is enough that the exciton ground state of a QD can be resonantly excited and the fluorescence is orders of magnitude more intense than the background. Figure 1 (b) shows a spectrometer image of resonance fluorescence and up-conversion emission from the exciton ground state and first excited state, respectively. The QD is excited by a tunable, continuous wave (cw) Ti: sapphire ring laser resonant with the ground state exciton transition energy. The vertical extent of the fluorescence spots is due to the superposition of the spectrometer slit on the diffraction-limited QD image which has several Airy rings. The rings show through the slit as spots above and below the central peak. The resonance fluorescence intensity is proportional to the time-averaged population of the QD. From the optical Bloch equations, the population is a Lorentzian function of the detuning between the laser and QD frequencies. Background-free resonant excitation allows us to record a resonant photoluminescence excitation (PLE) spectrum of the exciton ground state. Figure 1(c) shows such a spectrum fit with a Lorentzian. The linewidth of the resonant PLE peak is given by the expression
, where T 2 is the dephasing time, P is the laser power, and C is a constant. The linewidth exhibits power broadening, shown in Fig. 1(d) at 4.7 K, which is an intrinsic phenomenon of resonance fluorescence [14, 16, 17] and predicted by the expression above. The low-intensity limit of the linewidth is 2=T 2 ¼ 3:09 GHz.
A QD can often be approximated as a two-level system, but the interaction between the dot and the crystal lattice vibrations cannot always be ignored. Since the upconverted intensity increases with temperature, it is reasonable to model the process by absorption of an acoustic phonon with energy equal to the difference between the ground and excited state energies, E 21 . Figure 2 (a) shows the energy structure of a three-level system along with the rates of the various spontaneous transitions. À 10 and À 20 are the photon emission rates of j1i and j2i, respectively. Two excitation configurations were used to observe upconversion: RF1 and RF2, where j1i or j2i was resonantly excited, respectively. Both configurations exhibited resonance fluorescence of the driven state and up-conversion to higher energy states; RF2 additionally showed downconversion to j1i. Figures 2(b) and 2(c) show emission spectra at different temperatures normalized to the peak of the resonantly driven state, indicated by the arrow, for RF1 and RF2, respectively. As the temperature increases, the up-converted intensities increase and the states redshift commensurate with a temperature dependent change in the band gap [18, 19] . These excited states are closer to the exciton ground state than those in previous studies [20, 21] . They could be excited hole states, which are spaced more closely than electron states [22] [23] [24] , and have simply never been observed in PL or PLE before because they were obscured by laser scattering.
We modeled the system using the quantum master equation of the Lindblad form [25] for the time dependence of the density matrix:
FIG. 2 (color online). (a) Energy diagram
showing spontaneous transition rates for a three-level system in the RF1 configuration where j1i is resonantly excited. (b),(c) Emission spectra, offset by temperature, for the RF1 and RF2 configurations, respectively. The spectra are normalized to the peak of the resonantly driven state which is indicated by the arrow. Some sections are magnified for clarity.
PRL 102, 097402 (2009) P H Y S I C A L R E V I E W L E T T E R S week ending 6 MARCH 2009
097402-2 where dipole excitation is included in the HamiltonianĤ , and the sum represents spontaneous decay processes. Here fA; Bg ¼ AB þ BA, andL ij is a quantum jump operator,
jiihjj, where À ji is the probability per unit time that the system makes a transition from the state jji to the state jii. The different À ji with j Þ i correspond to the spontaneous transition rates in Fig. 2(a) while the À jj correspond to pure dephasing rates. Though the model is for a three-level system specifically, while the QD actually has five visible levels, if second-order transitions are neglected (e.g., j1i ! j2i ! j3i), then for the quantities we consider here a five-level model reduces to a three-level model for each set of states fj0i; j1i; jiig considered separately. It is reasonable to ignore second-order transitions because the small probability of even first-order transitions combined with the small up-converted population make the influence of further transitions negligible. Since the QD is excited by a cw laser, we solve Eq. (1) for the steady-state solutions. As in Fig. 1(c) , the population of j1i is a Lorentzian where the low-intensity limit of the linewidth is
Equation (2) is consistent with four-wave mixing QD studies where the low-temperature limit of the dephasing rate is given by the radiative rate [26] . Since the data in Fig. 1(d) were taken at 4.7 K, we identify the radiative rate as À 10 ¼ 3:09 AE 0:04 GHz.
Derived from the steady-state solutions to Eq. (1), the ratio of the up-conversion emission intensity to the resonance fluorescence of the driven state contains information about the system parameters and is conveniently independent of the laser detuning and absolute excitation power. The model expression is
where i denotes the up-converted state and j is the driven state, j1i (j2i) in the RF1 (RF2) configuration. Figures 3(a)-3 (e) plot the intensity ratios for both RF1 and RF2 as functions of temperature. The data are fit by the corresponding version of Eq. (3) with the phonon energies E ij taken from the spectra in Figs. 2(b) and 2(c) .
From the fits we obtain the ratios of excited state and driven state emission rates, À i0 =À j0 , as well as the ratios of the emission rates to the phonon coupling rates, À i0 = ij . Combined with the value of À 10 determined above, the ratios extracted from Figs. 3(a)-3(e) result in estimates for the radiative rates, À i0 , and the phonon coupling rate, 21 , which are summarized in Table I . The values À 30 and À 40 obtained from both configurations are consistent with each other, which suggests the same mechanism causes up-conversion in both cases. The ratios of radiative rate to phonon coupling rate for the higher energy states indicate that À 30 ; À 40 ( 31 ; 41 ; 32 ; 42 . Thus, finite values for these ij cannot be determined. Large phonon coupling constants are not unexpected, as previous decoherence studies have generally assumed that the radiative rates of upper states were very small [2, 27, 28] and that phonon emission was the dominant process. Indeed, the À 30 and À 40 we determine here are smaller than 21 by more than an order of magnitude. The fluorescence from j3i and j4i can be seen in this case because the microcavity suppresses laser scattering and enhances emission into the vertical cavity mode.
As mentioned above, the temperature dependence of the ground state linewidth may be influenced significantly by phonon-mediated coupling between states. Some past studies of temperature dependent dephasing attributed it to acoustic and optical phonon coupling to the band tail of the wetting layer [21] and used a model the same as for quantum wells [29] . The emission spectra in Figs. 2(a) and 2(b) do not show any wetting layer continuum emission, implying that it is not a significant factor here. The optical phonon energy in GaAs is 36.2 meV [30] , which is far above k B T at the temperatures probed here, so the population of optical phonons is extremely low and thus a poor candidate for causing dephasing. In comparison, at 20 K the value of k B T is 1.7 meV, which is nearly the same as the energy separation between the ground and first excited states. Therefore, the population of acoustic phonons at these energies is significant and a likely source of dephasing. All these factors suggest that the dephasing model used in quantum wells is not appropriate here. Figure 4 shows the linewidth of the excitonic ground state measured by resonant PLE spectroscopy as a function of temperature. The solid line in Fig. 4 is Eq. (2), which assumes j1i only couples to j2i, and where the values of À 10 and 21 are restricted to the ranges in Table I . This simple model fits the data very well up to T ¼ 20 K, but fails at higher temperatures. Up to 20 K, populations of phonons with enough energy to couple j1i to j3i (or j4i) are small. Thus, a model involving only phonons which couple j1i and j2i is well justified. The excellent fit for T < 20 K validates the idea that at these temperatures single acoustic phonon-mediated interlevel couplings are indeed the dominant mechanism for exciton dephasing. In contrast, at T > 20 K the coupling of j1i to higher levels, j3i and j4i, is expected to increase. Multiphonon processes may also play a role. Thus it is not surprising that a simple model involving single-phonon absorption no longer applies.
In summary, using resonant excitation we have directly observed single acoustic phonon-mediated interexcitonic level transitions in single QDs. The process occurs in QDs with level spacing of a few meV and is well described by a model that includes absorption and emission of single phonons. Moreover, we show that a significant portion of the ground state dephasing can be attributed to these transitions, though at higher temperatures other processes dominate. This work exposes the effect that the QD energy structure has on the dephasing time, and indicates that a strategy of increasing electronic level spacing will achieve longer dephasing times. Table I . The dotted lines show the 95% confidence range of the uncertainties in the parameters.
